We studied the role of galectin-3 (Gal3) in gastric infection by Helicobacter pylori. We first demonstrated that Gal3 was selectively expressed by gastric surface epithelial cells and abundantly secreted into the surface mucus layer. We next inoculated H. pylori Sydney strain 1 into wild-type (WT) and Gal3-deficient mice using a stomach tube. At 2 weeks postinoculation, the bacterial cells were mostly trapped within the surface mucus layer in WT mice. In sharp contrast, they infiltrated deep into the gastric glands in Gal3-deficient mice. Bacterial loads in the gastric tissues were also much higher in Gal3-deficient mice than in WT mice. At 6 months postinoculation, H. pylori had successfully colonized within the gastric glands of both WT and Gal3-deficient mice, although the bacterial loads were still higher in the latter. Furthermore, large lymphoid clusters mostly consisting of B cells were frequently observed in the gastric submucosa of Gal3-deficient mice. In vitro, peritoneal macrophages from Gal3-deficient mice were inefficient in killing engulfed H. pylori. Furthermore, recombinant Gal3 not only induced rapid aggregation of H. pylori but also exerted a potent bactericidal effect on H. pylori as revealed by propidium iodide uptake and a morphological shift from spiral to coccoid form. However, a minor fraction of bacterial cells, probably transient phase variants of Gal3-binding sugar moieties, escaped killing by Gal3. Collectively, our data demonstrate that Gal3 plays an important role in innate immunity to infection and colonization of H. pylori.
H
elicobacter pylori is a spiral-shaped, highly motile Gram-negative bacterium that selectively colonizes the human stomach. It infects about 50% of the world's population (1-3). Colonization of H. pylori in the gastric mucosa is etiologically associated with peptic ulcer and chronic gastritis. Furthermore, H. pylori colonization increases the risk of gastric adenocarcinoma and mucosa-associated lymphoid tissue (MALT) lymphoma (1) (2) (3) . The virulence factors present in H. pylori strains contribute to gastric pathogenesis (1) (2) (3) . However, overt gastric diseases are seen in only a fraction of infected hosts; the majority of colonized individuals remain mostly asymptomatic, while only 30% of those infected have gastric diseases of various severities (1) (2) (3) . Thus, it is of interest to elucidate host factors that contribute to the control of gastric infection and colonization of H. pylori.
Adhesion to the gastric epithelium is known to be the first critical step for successful colonization of H. pylori (4) . Previous studies have shown that surfactant protein D (SP-D) and mucins function as effective mucosal barriers against H. pylori infection (5, 6) . SP-D is a member of calcium-dependent C-type lectins and belongs to a subfamily whose members are termed collectins (collagen lectins) and preferentially bind to monosaccharide units of the mannose type (7) . Although SP-D was originally identified as a component of surfactant in the lung, where it is mainly expressed by type II alveolar cells and Clara cells, it is also expressed at other mucosal sites (7) . In the gastric mucosa, SP-D is present in the luminal surface and its level increases in H. pylori-associated gastritis (5) . In vitro, SP-D binds to H. pylori mainly via lipopolysaccharide (LPS), inhibits its motility, and induces its aggregation (5) . Mucins, a family of highly O-glycosylated glycoproteins, also provide mucosal surface barriers against infectious pathogens (6) . In particular, there are two types of mucin layer in the human gastric mucosa: the surface mucins secreted by surface mucous cells and the gland mucins secreted by gland mucous cells (8) . Importantly, the gland mucins, which are rich in O-glycans with terminal ␣1,4-linked N-acetylglucosamine residues, have been shown to be directly microbicidal for H. pylori (9) . This may explain why H. pylori bacterial cells are rarely present in the deeper portions of the gastric mucosa (9) .
Galectins compose an evolutionary conserved family of ␤-galactoside binding proteins with 15 members known in mammals to date (10) (11) (12) (13) . Each member contains at least one domain of about 130 amino acids designated the carbohydrate recognition domain (CRD), which is responsible for the binding to galactose-containing sugar moieties. In particular, galectin-3 (Gal3), a unique chimeric type with an N-terminal nonlectin domain connected to a CRD domain, is highly expressed by activated macrophages and also by various cells, including epithelial cells (10) . Gal3 is produced as a monomer but undergoes multimerization through its proline-and glycine-rich N-terminal domain upon binding to glycoconjugate ligands (10) . Gal3 is found intracellularly in the nucleus or cytoplasm and is also secreted by nonclassical pathways, thus being present on the cell surface and in the extracellular space (14) . Previous studies have shown that Gal3 is important in immune cell functions (15) . For example, Gal3 is involved in macrophage survival and phagocytosis (16) (17) (18) . Of note, the phagocytosis-promoting functions of Gal3 appear to operate mostly through intracellular mechanisms, with Gal3 being localized in phagocytic cups and phagosomes of macrophages containing phagocytosed erythrocytes (18) or in bacterium-containing phagosomes of Mycobacterium-infected macrophages (17) . Furthermore, extracellular Gal3 promotes neutrophil functions such as survival, phagocytosis, and extravasation (19) (20) (21) . Gal3 also binds to LPS from various bacterial species and may serve as a negative regulator of LPS-induced inflammation, protecting hosts from endotoxin shock (22) . Gal3 is even directly bacteriostatic against Streptococcus pneumoniae (19) and cytocidal to Candida albicans species bearing ␤-1,2-linked oligomannans (23) . Gal3 immunoreactivity was reported to be restricted to the outer layer of the gastric mucosa in the stomach (24) . Furthermore, Gal3 was shown to bind to H. pylori via its O-antigen side chain of LPS (25) . However, the role of Gal3 in gastric infection by H. pylori has not been addressed.
In the present study, we performed gastric infection by H. pylori Sydney strain 1 in wild-type (WT) and Gal3-deficient mice. While the bacterial cells were mostly trapped in the surface mucus layer in WT mice, they infiltrated deep into the gastric glands in Gal3-deficient mice. Furthermore, macrophages from Gal3-deficient mice were inefficient in intracellular killing of engulfed H. pylori. Moreover, recombinant Gal3 rapidly aggregated and directly killed H. pylori bacterial cells in vitro. Collectively, our present results demonstrate that Gal3 is an important host factor in innate immunity to gastric infection and colonization of H. pylori.
MATERIALS AND METHODS

Antibodies and reagents.
The polyclonal antibodies used were as follows: anti-Gal3 (BioLegend, San Diego, CA), anti-F4/80 (abd Serotec, Kidlington, United Kingdom), anti-CD45R (eBioscience, San Diego, CA), anti-CD3 (Biocare Medical, Concord, CA), and anti-H. pylori (Thermo Fisher Scientific, Fremont, CA). Alexa Fluor 546-conjugated anti-mouse IgG (HϩL) was purchased from Thermo Fisher Scientific. Recombinant human and mouse Gal3 was purchased from R&D Systems (Minneapolis, MN). All other reagents were purchased from Wako (Osaka, Japan).
Bacterial strains. H. pylori Sydney strain 1 was originally isolated by Lee et al. (26) . The Escherichia coli HST 08 strain was obtained from TaKaRa (Shiga, Japan). H. pylori colonies were formed on brucella agar (Becton Dickinson, Sparks, MD) supplemented with 7% fetal bovine serum (FBS) by incubation for 3 days at 37°C under microaerobic conditions using Anaeropack Microaero (Mitsubishi Gas Chemical, Tokyo, Japan). A single colony was isolated and inoculated into brucella broth (Becton Dickinson) supplemented with 7% FBS and cultured with constant shaking at 150 rpm. Cell numbers in suspensions were determined by analysis of optical density at 550 nm, with an optical density value of 0.2 corresponding to about 10 8 cells/ml. E. coli bacteria were cultured in LB medium (Sigma-Aldrich, St. Louis, MO) at 37°C. Cell numbers were determined by analysis of optical density at 550 nm, with a value of 0.1 corresponding to about 10 8 cells/ml. Mice. CD1 mice were purchased from Charles River Laboratories Japan (Yokohama, Japan). The generation of Gal3-deficient mice was described previously (16) . After transportation to Japan, Gal3-deficient mice were backcrossed to CD1 mice for nine generations. Mice at the age of 6 weeks were used for the experiments. The animal experiments were approved by the Institutional Animal Care and Use Committee of Kindai University and performed in accordance with the institutional guidelines.
Bacterial infection. Using a stomach tube, wild-type (WT) and Gal3-deficient mice were inoculated daily with 400 l brucella broth containing 5 ϫ 10 7 H. pylori bacteria for 5 days. Control mice were similarly inoculated with 400 l brucella broth. At 2 weeks or 6 months after the last inoculation, mice were euthanized. After blood was taken from the left ventricle, the stomach was removed, washed in phosphate-buffered saline (PBS), and dissected longitudinally into three pieces. One piece was used for determination of bacterial load. Another piece was formalin fixed and embedded in paraffin for histological examinations. The last piece was stored at Ϫ80°C for later use. To perform quantitative culture, each gastric tissue was carefully weighed, placed in 1 ml of PBS, finely minced, and vigorously shaken for 10 min. After that, 10 l of the supernatant was spread on brucella agar containing vancomycin (10 mg/liter), trimethoprim (5 mg/liter), amphotericin B (500 g/liter), 5% FBS, and 2,3,5-triphenyltetrazolium chloride (50 mg/liter). Plates were kept at 37°C under microaerobic conditions for 4 days. Colonies were counted using Image J software (NIH, Bethesda, MD).
Immunological staining and PAS staining. Tissue sections of 4-m thickness were made. Immunohistochemistry (IHC) was performed by the standard procedures using a Histofine SAB-PO kit (Nichirei Biosciences; Tokyo, Japan). Periodic acid-Schiff (PAS) staining was also performed by the standard procedures. For fluorescence staining, secondary antibodies labeled with Alexa 488 or Alexa 555 were used (Life Technologies, Carlsbad, CA). For nuclear staining, TO-PRO-3 (Life Technologies) was used. Fluorescent images were taken using a confocal laser microscope (Carl Zeiss GmBH, Jena, Germany).
Western blot analysis. Tissue homogenates were made in CelLytic MT (Sigma-Aldrich) containing Protease Inhibitor Cocktail Complete (Roche Diagnostics, Mannheim, Germany). Insoluble materials were removed by centrifugation. Gastric mucus was collected as reported previously (27) . In brief, mice were anesthetized with pentobarbital. The abdominal wall and stomach were opened. After food particles were removed by the use of forceps, the pylorus was tied with sutures to avoid bile reflux. Gastric mucus was collected by vigorously pipetting 500 l of 10 mM EDTA-HCl (pH 7.4). Particles were removed by brief centrifugation, and the remaining fluids were lyophilized. Lyophilized mucus fluids were dissolved with 100 l CelLytic MT, pooled, and centrifuged. Tissue and mucus lysates were electrophoresed on an SDS-polyacrylamide gel under reducing conditions and electrophoretically transferred to a polyvinylidene fluoride (PVDF) membrane. Membranes were blocked with 5% skim milk and probed with primary antibodies. After washing was performed, membranes were reacted with horseradish peroxidase (HRP)-conjugated secondary antibodies and developed using an ECL Prime system (GE Healthcare, Piscataway, NJ).
Measurement of anti-H. pylori IgG. Serum anti-H. pylori IgG antibodies were measured using an enzyme-linked immunosorbent assay (ELISA) essentially as described previously (28) . Briefly, 96-well MaxiSorp plates (Nunc, Kamstrup, Denmark) were coated with whole-cell lysates of H. pylori in carbonate-bicarbonate buffer (pH 9.5) containing 0.5% Triton X-100 at 25 g protein per well. After washing and blocking with bovine serum albumin (BSA) were performed, 100-l serum samples diluted at 1:100 were added to coated wells. After reactions were performed with HRP-conjugated goat anti-mouse IgG (Amersham, Les Ulis, France), plates were developed with a buffer containing 2,2=-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) and hydrogen peroxide in citrate buffer (pH 4.0). After reactions were stopped with 10% SDS, the optical density at 405 nm was read on a microplate reader (Bio-Rad, Hercules, CA). Readings from uninfected control samples were subtracted as backgrounds.
Assays using peritoneal macrophages. Mice were kept unfed for 14 h, anesthetized with diethyl ether, bled from the carotid artery, and intraperitoneally injected with 3 ml PBS containing 2 mM EDTA twice to collect peritoneal lavage fluids. Cells in pooled lavage fluids were pelleted by centrifugation at 600 ϫ g for 5 min and resuspended at 5 ϫ 10 5 /ml in RPMI 1640 (Life Technologies) supplemented with 10% FBS and antibiotics. Phagocytosis assays were performed as follows. Peritoneal cells were seeded in a 4-well glass plate at 2.5 ϫ 10 5 cells/well and cultured at 37°C in 5% CO 2 /95% air for 2 h. Floating cells were removed by washing, and adherent cells were further cultured for 1 h. Fluorescein isothiocyanate (FITC) beads (size, 2 m) or H. pylori cells were added at 2.5 ϫ 10 beads/well or 1.25 ϫ 10 6 bacterial cells/well, respectively. After incubation for an indicated length of time, macrophages were washed, fixed with ice-cold ethanol, and stained with rhodamine-phalloidin (Thermo Fisher Scientific, Waltham, MA). H. pylori cells were stained with anti-H. pylori antibody. In some experiments, macrophages were stained with anti-Gal3 antibody. Nuclei were counterstained with TO-PRO-3. Fluorescent images were taken on a confocal laser microscope (Carl Zeiss). Cells containing FITC beads or H. pylori cells were analyzed using Image J software. Bacterial killing assays were performed as follows. Peritoneal cells were seeded in a 24-well plate at 2.5 ϫ 10 5 cells/well and cultured at 37°C in 5% CO 2 /95% air for 2 h. Floating cells were removed by washing, and adherent cells were further cultured for 1 h. H. pylori or E. coli bacteria were added at 1.25 ϫ 10 6 cells/well or 2.5 ϫ 10 4 cells/well, respectively. After incubation for 4 h at 37°C, macrophages were washed with PBS to remove free bacterial cells and lysed by treatment with 0.1% saponin for 15 min at 37°C. After brief centrifugation to remove cell debris, cell lysates were spread on agar plates. After an appropriate length of culture, bacterial colonies were counted (29, 30) . Nitrite (NO 2 Ϫ ) production assays were performed as follows. Peritoneal cells were seeded in a 24-well plate at 1.5 ϫ 10 5 cells/well and cultured at 37°C in 5% CO 2 /95% air for 2 h. Floating cells were removed by washing, and adherent cells were further cultured for 1 h. H. pylori bacteria were added at 7.5 ϫ 10 5 cells/well in a total volume of 0.5 ml RPMI 1640 containing 10% FBS without phenol red. After incubation at 37°C in 5% CO 2 /95% air for 48 h, culture supernatants were collected and cleared by centrifugation. Each sample (100 l) was mixed with 100 l of 1% Griess-Romijn nitrite reagent (Wako) (31) . After incubation at room temperature for 10 min, the absorbance at 550 nm was read. Sodium nitrite was used as the standard. Effect of recombinant Gal3 on H. pylori. H. pylori and E. coli were used in the mid-logarithmic growth phase. Bacterial cells were suspended in PBS (1 ϫ 10 3 cells/10 l), mixed with recombinant human Gal3, and incubated at 37°C in a 5% CO 2 incubator. In some experiments, lactose was added at 2 mM. After that, bacterial cells were pipetted and plated on agar and cultured at 37°C. Colonies were counted by Image J software. We also observed bacterial cells in the presence or absence of Gal3 on a glass slide using a microscope with a charge-coupled-device (CCD) camera (Olympus, Japan). Live and dead cells were differentiated by staining with carboxyfluorescein diacetate (CFDA) (Dojindo, Kumamoto, Japan) and propidium iodide (PI), respectively (32) . Intracellular ATP contents were measured as follows. Bacterial cells in the mid-logarithmic growth phase were suspended in 50 mM HEPES (pH 7.4)-buffered saline and treated with various concentrations of recombinant Gal3 in the presence of 0.1 M sodium succinate at 37°C for 1 h. To extract ATP from cells, trichloroacetic acid (TCA) was added to give a final concentration of 1% and the solution was mixed well. Samples were neutralized with Tris-HCl (pH 8.0). ATP levels were measured using a chemiluminescent ATP assay kit (TOYO B-net, Tokyo, Japan) and a Wallac Arvo SX 1420 multilabel counter (PerkinElmer, Waltham, MA). Scanning electron microscopic analysis. H. pylori and E. coli in midlogarithmic growth phase were used. Bacterial cells were treated with 2.5 M Gal3 for 1 h at 37°C in a 5% CO 2 incubator, fixed with 2.5% glutaraldehyde for 1 h, and immobilized to poly(L)-lysine-coated aluminum foil. After washing with 0.1 M phosphate buffer (pH 7.4) was performed, cells were treated with 1% osmium tetroxide for 2 h, rinsed twice with distilled water, and dehydrated with ethanol in a graded series. After treatment with isoamyl acetate, cells were dried with liquid carbon dioxide in a critical-point drying apparatus (HCP-1; Hitachi Koki, Tokyo, Japan), coated with 3-nm-thick platinum-palladium by evaporation in an E-1030 magnetron sputter coater (Hitachi, Ibaraki, Japan), and observed on an ultra-high-resolution scanning electron microscope (S-900; Hitachi) with an accelerating voltage of 10 kV.
Statistical analysis. Statistical analysis was performed using Student's t test. P values of Ͻ0.05 were considered significant.
RESULTS
Localization of Gal3 in the gastric mucosa. Using WT and Gal3-deficient mice, we first performed IHC of Gal3 in the whole gastrointestinal tract (Fig. 1A) . The epithelial cells of the gastrointestinal tract generally expressed Gal3. In the case of gastric mucosa, however, the staining was mostly restricted to the surface epithelial cells as reported previously (24) . We observed no gross abnormality in the gastric mucosa of Gal3-deficient mice by hematoxylin-eosin (HE) staining (not shown) or PAS staining (Fig. 1B) . Immunoblot analysis demonstrated abundant Gal3 not only in the gastric tissue but also in the surface mucus layer (Fig. 1C) . Thus, Gal3 is selectively expressed by surface epithelial cells of the gastric mucosa and abundantly secreted into the surface mucus layer. In our preliminary study, we also confirmed strong expression of Gal3 in the surface epithelial cells of human gastric tissues (data not shown).
H. pylori infection of WT and Gal3-deficient mice. To examine the role of Gal3 in gastric infection by H. pylori, we inoculated 5 ϫ 10 7 H. pylori cells into WT and Gal3-deficient mice daily for 5 days using a stomach tube. Two weeks after the last inoculation, we recovered bacterial cells from the stomach tissues and determined their numbers by colony formation on agar. As shown in Fig. 2A , the recovered bacterial cell numbers were about 4-fold higher in Gal3-deficient mice than in WT mice. The serum anti-H. pylori IgG titers were also about 3-fold higher in Gal3-deficient mice (Fig. 2B) . These results suggested elevated levels of H. pylori infection in Gal3-deficient mice. We therefore performed IHC of H. pylori in gastric tissues of WT and Gal3-deficient mice (Fig.  2C ). In the WT mice, the bacterial cells were mostly restricted to the surface mucus layer. In sharp contrast, the bacterial cells infiltrated deep within the gastric glands in the Gal3-deficient mice. We also performed double immunofluorescence staining of Gal3 (red) and H. pylori (green). As shown in Fig. 2D , the bacterial cells were mostly restricted to the surface mucus layer, colocalized with Gal3, and often aggregated in WT mice. On the other hand, the bacterial cells were found deep within the gastric glands in Gal3-deficient mice. Thus, in the presence of Gal3, H. pylori cells were mostly aggregated within the surface mucus layer and prevented from penetration into the deeper layers.
Long-term outcome of H. pylori infection. We also kept H. pylori-infected WT and Gal3-deficient mice until 6 months after the last inoculation. We noted reduced food consumption by H. pylori-infected Gal3-deficient mice that was probably due to loss of appetite. Accordingly, their average body weights at 6 months were significantly lower than those of H. pylori-infected WT mice and uninfected Gal3-deficient mice by 20% and 23%, respectively (Fig. 3A) . This suggested some chronic gastric disease in H. pyloriinfected Gal3-deficient mice. The bacterial recovery from stomach tissues was about 2-fold higher in Gal3-deficient mice than in WT mice (Fig. 3B) . IHC of H. pylori in the gastric mucosa also demonstrated higher levels of bacterial cells in Gal3-deficient mice than in WT mice (Fig. 3C) . Of note, however, bacterial cells now penetrated deep into the gastric glands even in WT mice. Thus, H. pylori had successfully colonized the gastric mucosa of WT mice at this time point. Upon microscopic inspection of the longitudinal gastric sections stained with HE, we also observed occasional lymphoid clusters in the gastric submucosa of the H. pylori-infected Gal3-deficient mice in particular. We confirmed that the majority of cells in such lymphoid clusters were CD45R ϩ B cells, while 
FIG 2 Role of Gal3 in H. pylori infection. WT and Gal3-deficient mice were
inoculated with 5 ϫ 10 7 H. pylori cells daily for 5 days using a stomach tube. Two weeks after the last inoculation, mice were sacrificed and samples were taken. (A) Quantitation of H. pylori cells in the stomach. After washing in PBS was performed, excised stomach tissues were finely minced and vigorously shaken in PBS for 10 min. Supernatants were plated on brucella agar plates and cultured at 37°C for 4 days under microaerobic conditions. Colonies were counted by using Image J software. Data are shown as means Ϯ standard deviations (SD) (n ϭ 7). *, P Ͻ 0. 
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ϩ T cells were scarce (Fig. 3D) . The lymphoid cells were also strongly stained by anti-mouse IgG (HϩL), further confirming that these cells were Ig-positive B cells (Fig. 3E) . Since we were unable to detect lymphoid clusters by macroscopic inspection of the gastric tissues, we microscopically examined a single longitudinal gastric section from each mouse. While we observed no such lymphoid clusters in the sections from uninfected WT and Gal3-deficient mice (n ϭ 5 each), we found a relatively large (Ͼ50-m) lymphoid cluster in 1 of 8 WT mice and 5 of 8 Gal3-deficient mice (P Ͻ 0.05). Thus, a long-term colonization of H. pylori appeared to promote formation of lymphoid clusters, predominantly consisting of B cells, especially in Gal3-deficient mice.
Defective killing of H. pylori by Gal3-deficient macrophages. We next examined host cellular responses to H. pylori infection at 2 weeks after the last inoculation. As shown in Fig. 4A , F4/80 ϩ macrophages were the predominant infiltrating cells in the gastric mucosa of H. pylori-infected mice and their numbers were much higher in Gal3-deficient mice than in WT mice (Fig. 4B) . On the other hand, we hardly observed any significant infiltration of neutrophils, B cells, or T cells in H. pylori-infected gastric mucosa at this time point (data not shown). Acute cellular responses in the gastric mucosa were also reported to be quite mild in human cases of H. pylori infection (33, 34) .
Given that Gal3 is known to be abundantly expressed by macrophages (10), we next examined the effect of Gal3 deficiency on macrophage functions. Comparing peritoneal macrophages from WT and Gal3-deficient mice, we observed no significant differences in the uptake of FITC beads or H. pylori bacterial cells (Fig.  5A) . However, macrophages from Gal3-deficient mice were less efficient in killing of engulfed H. pylori as revealed by much higher recovery of live bacterial cells from macrophage cell lysates (Fig.  5B ). For comparison, we also performed the same experiments using E. coli as another species of Gram-negative intestinal bacteria. No differences between WT and Gal3-deficient macrophages in the recovery of E. coli were seen (Fig. 5B) . Furthermore, no differences between WT and Gal3-deficient macrophages in nitric oxide production were seen upon incubation with H. pylori (Fig.  5C ). By double immunofluorescence staining, we observed frequent colocalization of H. pylori (red) and Gal3 (green) within WT macrophages (Fig. 5D ). This suggested direct interactions between Gal3 and ingested H. pylori bacterial cells within macrophages.
Effect of Gal3 on H. pylori. We next examined the direct effect of Gal3 on H. pylori. For comparison, E. coli was also tested. H. pylori and E. coli bacteria were treated with recombinant human Gal3 for 1 h. After vigorous pipetting was performed, bacterial cells were spread on agar plates and cultured to determine CFU. As shown in Fig. 6A , Gal3 dose dependently reduced CFU of H. pylori but not those of E. coli. We confirmed that lactose used as a competitive inhibitor abrogated the effect of Gal3 (Fig. 6B) . Similar results were obtained by using recombinant mouse Gal3 (data not shown). Under the microscope, we observed that highly motile H. pylori bacterial cells quickly aggregated in the presence of Gal3 (Fig. 6C) , most probably because of the multimer formation of Gal3 upon binding to H. pylori (10) . This was also consistent with the in vivo observation that H. pylori bacterial cells often aggregated within the gastric surface mucus layer of WT mice (Fig. 2D) . On the other hand, Gal3 induced no such aggregations in E. coli (Fig. 6C) . However, the aggregation per se might not be the main cause of reduction in CFU of H. pylori by Gal3. This was because the colony sizes or required incubation times were not appreciably different between control and Gal3-treated H. pylori bacteria. We therefore stained Gal3-treated H. pylori bacterial cells with CFDA (green [live cells]) and PI (red [dead cells]). As shown in Fig. 6D , while the untreated bacterial cells that were stained with CFDA were mostly live cells, the majority of Gal3-treated bacterial cells were considered dead, as revealed by staining with PI. Lactose again prevented the bactericidal effect of Gal3. H. pylori bacteria are also known to change shape from spiral to coccoid under unfavorable conditions (35) . As shown in Fig. 6E , scanning electron microscopy revealed that the majority of Gal3-treated H. pylori bacterial cells showed coccoid forms with numerous surface blebs, while Gal3 had no such effect on E. coli. Since the measurement of cellular ATP content is frequently used to determine live bacterial cell numbers, we also determined ATP contents in control and Gal3-treated bacterial cultures. Unexpectedly, Gal3 dose dependently increased cellular ATP contents in H. pylori within 1 h (Fig.  6F) . No such effect was seen in E. coli. Taking the results together, Gal3 directly exerts a potent antimicrobial effect on H. pylori. Existence of H. pylori phase variants evading Gal3. Using the microscope, we also noticed a minor fraction of H. pylori bacterial cells that were freely moving and PI negative even in the presence of high concentrations of Gal3. We therefore isolated individual colonies formed by Gal3-treated H. pylori, expanded the colonies, and treated again with 2 M Gal3. As shown in Fig. 6G , Gal3 again effectively reduced colony formation by each clone (n ϭ 5). The results suggested that the minor fraction of H. pylori bacterial cells unaffected by high concentrations of Gal3 were not genetic mutants but were transient phase variants in terms of Gal3-binding sugar moieties.
DISCUSSION
Previously, Fowler et al. reported that Gal3 was able to bind to H. pylori via O-antigen side chains of LPS (25) . Furthermore, the authors demonstrated that Gal3 was rapidly upregulated and secreted by a human gastric epithelial AGS cell line upon interaction with H. pylori (25) . Gal3 was also reported to function as the gastric receptor for polymeric Lewis (X) on H. pylori cells, which express Lewis and related antigens along the O-antigen side chains (36) . However, the role of Gal3 in gastric infection and colonization of H. pylori has not been addressed. In the present study, we showed that Gal3 provides an effective physical and biological barrier against gastric infection by H. pylori. As previously reported (24), Gal3 is selectively expressed by the surface epithelial cells of the gastric mucosa and abundantly secreted into the surface mucus (Fig. 1) . In the presence of Gal3, H. pylori bacteria were mostly trapped within the surface mucus layer where the bacterial cells were also mostly aggregated (Fig. 2) . Without Gal3, however, H. pylori easily migrated deep into the gastric glands (Fig. 2) . Given that gastric colonization of H. pylori requires adhesion to epithelial cells (4), trapping and aggregation of bacterial cells , fixed macrophages were stained with TO-PRO-3 for nuclei (blue) and with rhodamine-phalloidin for cytoskeleton (red). For detection of intracellular H. pylori, fixed macrophages were first stained for H. pylori (green) and then stained with TO-PRO-3 for nuclei (blue) and with rhodamine-phalloidin for cytoskeleton (red). Cells containing FITC beads or H. pylori were counted using Image J software. Data are shown as means Ϯ SE (n ϭ 5). (B) Intracellular killing assay. Macrophages were incubated with H. pylori or E. coli at 37°C for 4 h. After washing with PBS was performed, cell lysates were prepared with 0.1% saponin, spread on agar plates, and cultured at 37°C. Colonies were counted using Image J software. Data are shown as means Ϯ SE (n ϭ 6). *, P Ͻ 0.05. (C) NO 2 Ϫ production assay. Macrophages were incubated with H. pylori at 37°C for 2 days. Culture supernatants were collected and mixed with 1% Griess-Romijn nitrite reagent. Absorbance at 550 nm was read. Data are shown as means Ϯ SE (n ϭ 6). (D) Immunofluorescence staining. Macrophages were incubated with H. pylori at 37°C for 30 min. After washing was performed, macrophages were fixed and stained for H. pylori (red) and Gal3 (green). Nuclei were counterstained with TO-PRO-3 (blue). Fluorescent images were taken on a confocal laser microscope. Representative results from four separate experiments are shown.
within the surface mucus layer by Gal3 could be important host protective mechanisms against H. pylori infection and colonization. This would also promote clearance of H. pylori bacterial cells from the gastric mucosa by ciliary movement. Of note, H. pylori bacterial cells were also frequently found in small aggregates within the surface mucous layer and rarely present in deeper portions of the human gastric mucosa (37) . We also demonstrated that Gal3-deficient macrophages were inefficient in killing of en- gulfed H. pylori (Fig. 5) . We have further demonstrated that recombinant Gal3 rapidly induces aggregation of H. pylori, most probably because of the multimerization of Gal3 upon binding to glycoconjugate ligands (10) , and also exerts a potent bactericidal effect on H. pylori (Fig. 6) . We speculate that this direct bactericidal activity of Gal3 against H. pylori could partly relate to the inefficient killing of engulfed H. pylori by Gal3-deficient macrophages (Fig. 5) . On the other hand, Gal3 did not induce aggregation or killing of E. coli (Fig. 6) . This is most likely due to its inability to bind to LPS of the E. coli strain used. Given that Gal3 is strongly expressed by epithelial cells of the colon (Fig. 1) , E. coli may have evolved to evade recognition by Gal3. At present, we do not know the exact mechanism of H. pylori killing by Gal3, but we observed paradoxical sharp increases of the cellular ATP content in Gal3-treated H. pylori (Fig. 6) , suggesting strong metabolic disturbances. In fact, previous studies have also described similar increases in cellular ATP content in stressed H. pylori (38, 39) .
The bactericidal effect of Gal3 against H. pylori was incomplete (Fig. 6 ). Similar incomplete killing was also observed in Gal3-treated C. albicans (23) . In this context, we observed that a minor fraction of H. pylori bacterial cells were not aggregated or killed even by high concentrations of Gal3. Furthermore, when we expanded colonies formed by Gal3-treated H. pylori and treated each clone with Gal3 again, they were again highly susceptible to Gal3, being rapidly aggregated and killed (Fig. 6 ). This indicated that the minor fraction of H. pylori bacterial cells resistant to Gal3 consisted not of mutants but of phase variants in terms of Gal3-binding sugar moieties. Thus, some differences in glycosylation patterns or densities on the surface allow a fraction of H. pylori cells to evade the bactericidal activity of Gal3. Of note, Khamri et al. also demonstrated that H. pylori could evade the binding of SP-D through phase variations in fucosylation of the O-antigen side chains of LPS (40) .
We observed successful colonization of H. pylori in the gastric mucosa of not only Gal3-deficient mice but also WT mice at 6 months postinfection (Fig. 3) . As mentioned above, the existence of transient phase variants in terms of Gal3-binding sugar moieties may account for the eventual success of H. pylori in penetration of the surface mucus layer and colonization within the deep layer of gastric glands where the production of Gal3 is low (Fig. 1) . Nevertheless, Gal3 may still play an important role in host control of H. pylori colonization since H. pylori-infected Gal3-deficient mice showed higher recovery of bacterial cells and also significant reduction in average body weight compared to H. pylori-infected WT mice (Fig. 3) . Furthermore, we observed formation of submucosal lymphoid clusters predominantly consisting of B cells, especially in Gal3-deficient mice (Fig. 3) . This may be related to the pathogenesis of MALT lymphoma in humans by chronic H. pylori colonization (41) . The results may also be remarkable in that a previous study observed no MALT lymphoma formation in WT mice infected with H. pylori Sydney strain 1 even after the 2-year follow-up period (42) . Thus, Gal3-deficient mice may provide a useful model for the study of MALT lymphomagenesis by colonization with H. pylori Sydney strain 1 (43, 44) .
In conclusion, we have demonstrated that Gal3 provides an effective physical and biological barrier against gastric infection by H. pylori. Gal3 not only efficiently traps and aggregates H. pylori within the gastric surface mucus layer but also exerts a potent bactericidal activity both directly and within macrophages. Thus, Gal3 could be an important host factor in keeping H. pylori infection and colonization at subclinical levels.
